SPOCK is prevalent in developing synaptic ®elds of the central nervous system (Charbonnier et al., 2000. Mech. Dev. 90, 317±321). The expression of SPOCK during neuromuscular junction (NMJ) formation was compared to agrin and acetylcholine receptor (AChR) distribution. SPOCK is detected within the myogenic masses during the early steps of embryonic development, and distributed in the cytoplasm of myotubes before coclustering with AChRs. In the adult, SPOCK is present in axons and is highly expressed by Schwann cells. SPOCK altered expression pattern after nerve lesioning, or cholinergic transmission blockade, strongly indicate that its cellular distribution at the NMJ depends on innervation. q 2000 Elsevier Science Ireland Ltd. All rights reserved.
Results and discussion

The expression of SPOCK is developmentally regulated
The proteoglycan SPOCK, also known as testican (testican 1), is structurally related to molecules involved in cell adhesion processes and neurogenesis (Alliel et al., 1993) . SPOCK is predominantly expressed in brain synapses (Bonnet et al., 1996) and is developmentally regulated in the central nervous system (Charbonnier et al., 2000) . Since it has been proposed that molecules contributing to neuronneuron synapse development could also be involved in neuron-muscle synapse development (Mammen et al., 1997; Meier and Wallace, 1998) , we investigated SPOCK distribution in the neuromuscular system by immunolabeling and in situ hybridization (ISH) approaches. SPOCK earliest immunoreactivity is detected within myogenic masses after E12, shortly after polyinnervation occurs (Fig. 1) . Between E14 and E16, anti-SPOCK immunoreactivity was similar to the pattern obtained with anti-agrin. At birth (P0), a strong immunoreactivity delineated the periphery of the muscle ®bers, whereas the sarcoplasm was only decorated by a spotted labeling. SPOCK clusters at the neuromuscular junction (NMJ) develop during the ®rst week after birth, at a period corresponding to the regression of polyinnervation and to the postsynaptic differentiation with redistribution of AChRs and formation of the subsynaptic folds (Jansen and Fladby, 1990) . In adult mouse gastrocnemius muscle, in addition to a SPOCK immunoreactivity encircling the muscle ®ber, stronger signals were colocalized with the AChR clusters identi®ed by a-bungarotoxin staining (Fig. 2) , and were also associated with interstitial nerves. In longitudinal sections from adult sciatic nerve, and in isolated myelinated nerve ®bers, SPOCK immunoreactivities, detected in myelinated axons, were prominent at the node of Ranvier and in the cytoplasm of Schwann cells (Fig.3A,A H , and B). Transverse sections con®rmed that both axons and the surrounding cytoplasm of myelinizing Schwann cells were stained by the anti-SPOCK immunserum (Fig. 3C ).
SPOCK transcripts (Fig. 4) were detected at E14 as a spotted labeling within the myotubes of the myogenic masses. At E16, the labeling was enhanced at the periphery of the myotubes. At birth (P0), the whole sarcoplasm of muscle cells displayed a strong labeling. On the other hand, in the adult, strong signals were associated to interstitial nerves contacting myo®bers but not to muscle cells. In the sciatic nerve, the cellular distribution of transcripts, surrounding axons, was clearly that of Schwann cells (Fig.  4, nerve) . 
SPOCK clustering at the NMJ is nerve dependent
When myotubes were cultured in the presence of neurons, SPOCK was detected both along the myotubes and as deposits codistributed with AChR clusters (Fig. 5B,B H ). In contrast, in primary cultures of isolated rat myotubes (Fig. 5A,A H ), SPOCK did not accumulate at the level of AChRs clusters that are known to contain an heparan sulfate included in adult synapses (Hall and Sanes, 1993) . The positive contribution of innervation to SPOCK clustering at synaptic sites is supported by experimentally induced synaptogenesis. By day 3 after nerve crushing, the muscle distribution of SPOCK was altered when compared to the control (Fig. 6) . While the AChR clusters were still present, the labeling of the SPOCK clustered form was decreased (Fig. 6, d3 left) . The axonal staining of the surrounding nerves was abolished, but the cytoplasm of Schwann cells was still immunoreactive (Fig. 6, d3 right) . By day 15 after injury ( Fig. 6, d15 ), SPOCK distribution was restored both in axons and at the NMJ. AChR clusters devoid of SPOCK were observed after BoTx-A injection (Fig. 7) . Since botulinum toxins have been shown to induce a remodeling of AChR clusters and to convert AChRs from adult to embryonic type (Koltgen et al., 1994) , the SPOCK negative AChR clusters could thus correspond to synaptic sites of embryonic type. This assumption is strengthened by an adult type distribution of SPOCK 135 days after the BoTx-A injection (not shown).
In conclusion, SPOCK expression in the neuromuscular system appears to be subjected to regulatory mechanisms controlling its local distribution, closely mimicking that of agrin (Hoch et al., 1993) . In addition to a muscle cell expression during the embryonic period, which is down-regulated in the adult, SPOCK is present in axons and appears to be essentially expressed by Schwann cells in the peripheral adult nervous system. SPOCK clusters at the NMJ are dependent on maintained nerve-muscle contacts and active neuromuscular transmission. These observations, beside a possible SPOCK delivery by axon terminals in the adult, strongly suggest a contribution of presynaptic Schwann cell to the NMJ immunoreactivity. Such a scenario is in line with the recently proposed dynamic roles of Schwann cells in the maintenance and repair of neuromuscular synapses (Balice-Gordon, 1996; Son et al., 1996; Trachtenberg and Thompson, 1997; Burden, 1998) , strengthened by the reported innervation-dependent deposit of a Schwann cell matrix component at the NMJ (Astrow et al., 1994; Astrow et al., 1997) .
Methods
Anti-SPOCK immunsera, ISH probe, and other antibodies, toxins and chemicals
Two immunsera raised in rabbits (PTC-9 and 721-7), Fig. 1 . SPOCK expression is modulated during muscle development, and becomes clustered at the NMJ. SPOCK immunoreactivities observed in different muscle sections, using the 721-7 (S1) and the PTC-9 (S2) immunsera. Agrin (ag) was detected with the Agr86 antibody. AChRs were detected by abungarotoxin staining. Embryonic days are designated by E12, E14 and E16, and postnatal periods by P0, P7 and P15. Arrows indicate SPOCK or agrin deposits compared to AChR clusters. Images obtained by phase contrast optics (PC). Scale bars: 25 mm (embryonic development); 50 mm (postnatal development). directed against two non-overlapping regions of the core protein of SPOCK, were used throughout this study. The PTC-9 immunserum was raised against a chimaeric protein containing the 88 C-terminal amino acids of human SPOCK fused to Schistosoma japonica glutathione-S-transferase (Bonnet et al., 1996) . The 721-7 immunserum was raised against a hexahistidine-tagged fusion protein incorporating amino acids 57±295 from the human SPOCK (Charbonnier et al., 2000) . The PTC9 immunserum recognition domain encompasses the CWCV domain and the C-terminus of SPOCK. The 721-7 immunserum is directed against a region encompassing the SPARC/osteonectin domains II± IV, which includes the Kazal-like domain. Riboprobes used for ISH were generated from a 432-bp MscI-HindIII human SPOCK cDNA restriction fragment subcloned in pGEM4Z (Promega Biotec, Madison, WI). Rhodamine-conjugated abungarotoxin was from Molecular Probes, (Eugene, OR). Monoclonal anti-agrin antibody Agr86 (Hoch et al., 1994) , Fig. 2 . Immunostaining in the adult normal mouse muscle. SPOCK immunoreactivity in a un®xed cryostat section of gastrocnemius muscle, using the 721-7 immunserum and¯uorescein-conjugated goat anti-rabbit Fab H as secondary antibody (green). AChRs are identi®ed with rhodamine-conjugated a-bungarotoxin (red). A superimposed view of the signals shows a colocalization of SPOCK and AChR clusters (yellow), a SPOCK presynaptic signal is also observed (arrowhead). The periphery of the myo®bers (arrows), and interstitial nerve (curved arrows) are also stained by the 721-7 immunserum. The black and white plates illustrate the SPOCK immunoreactivity of the PTC-9 immunserum compared to a phase contrast optics view (PC) and AChR staining of the corresponding region. Scale bar: 25 mm.
was from StressGen (Victoria, BC). Fluorescein-conjugated (FITC) anti-rabbit Fab H goat serum was from the Jackson Laboratories (Baltimore, MD),¯uorescein-linked antimouse Ig sheep antibody was from Amersham (Amersham Pharmacia Biotech, Uppsala, Sweden). The polyclonal sheep anti-digoxygenin Fab H fragment conjugated to alkaline phosphatase was from Boehringer (Boehringer Mannheim GmbH, Germany). Clostridium botulinum type-A toxin (BoTx-A) was kindly provided by Professor S. Thesleff, University of Lund, Sweden.
Animals and tissues
Mice were from the 129 ReJ strain (except for BoTxinduced muscle paralysis, NMRI Swiss-Webster). Leg muscles from embryos and neonate mice and gastrocnemius muscles from young and adult mice were frozen in isopentane. Sciatic nerves from adult mice were removed for cryostat sectioning or in toto immunostaining. For experimental denervation-reinnervation, young adult anesthetized mice were subjected to a unilateral crush of the sciatic nerve with ®ne forceps. Nerve retractation at day 3 (d3 in Fig.  6 ) was veri®ed by the absence of immunoreactivity with neuro®lament antibodies. Botulinum toxin induced muscle paralysis was provoked by a single injection (O.55 pg of BoTx-A) in the anterolateral region of the left hindlimb of adult mice (body weight 22±25 g). A complete paralysis of the extensor digitorum longus (EDL) muscle occurred within 18 h, as detected by electrophysiological techniques. EDL muscle was removed 25 and 135 days after injection.
Cell cultures
Cell cultures were carried out as previously described (De La Porte et al., 1993) . Myoblasts were obtained from hindlegs of 18-day-old Sprague±Dawley rat embryos. In nervemuscle cocultures, spinal cord cells from 14-day old rat embryos were added to muscle cells established for 5 days. Two days later, the cultures were rinsed with 200 mM PBS, containing 0.2% BSA, and incubated for 1 h at room temperature with rhodamine-labeled a-bungarotoxin (1:1000) in the presence of the 721-7 immunserum (1:50) in PBS/BSA. The cultures were rinsed three times with PBS/ BSA before incubation (1 h) with goat antirabbit-FITC (1:100 in PBS/BSA). After washing (three times in PBS), the cultures were mounted in 90% glycerol, 10% PBS and observed under a¯uorescence microscope using appropriate ®lters.
Immuno¯uorescence staining
Immuno¯uorescence staining was performed as previously described (Cifuentes-Diaz et al., 1994) on un®xed cryostat sections (6 mm). In brief, sections were incubated at room temperature (1 h) with the SPOCK speci®c primary antibodies (1:100), or the anti-agrin (1:100) in PBS containing 3% bovine serum albumin (BSA). Preparations were washed in PBS, 0.1% Tween-20, then incubated for 1 h at room temperature with conjugated secondary antibodies (1:400) and/or a-bungarotoxin (1:10 000) diluted in PBS/3% BSA, and washed again with PBS/0.1% Tween-20. All the results were veri®ed by single labeling on consecutive sections. Immunoreactivities were completely abolished by substituting the primary antibodies by nonimmune IgGs or by preincubation of the immunsera with increasing amounts of the corresponding antigen.
In situ hybridization
Cryostat sections (12 mm) were thawed on to microscope slides, ®xed (15 min) in 4% paraformaldehyde in 0.1 M PBS, washed in PBS, and dehydrated in a series of graded ethanol steps. Hybridization was performed (Strahle et al., 1994; Myat et al., 1996) , with antisense and sense digoxy- Fig. 3 . Immunostaining in the nerve with the 721-7 immunserum. In a longitudinal section of sciatic nerve (A), immunoreactivities were observed in axons (un®lled-curved arrow), at the level of Schwann cells (arrow), and at the node of Ranvier (®lled-curved arrow) identi®ed by phase contrast optics (A H ). In isolated nerve ®bers (B) both the node of Ranvier (®lled-curved arrow) and a Schwann cell (arrow) are stained. Immunoreactivities in axons (un®lled curved arrows) and Schwann cell loops (arrows) were also visualized in intramuscular nerve ®bers in a transverse section (C). Scale bar: 15 mm.
genin-UTP (DIG) randomly labeled RNA probes made by in vitro transcription using SP6/T7 RNA polymerases. The enzymatic detection of the DIG-probes was performed according to the manufacturer's instructions (Boehringer Mannheim GmbH, Germany), using polyclonal sheep anti-
DIG Fab
H fragment conjugated to alkaline phosphatase and NBT/BCIP as substrate. . SPOCK expression is transiently affected during a denervation/reinnervation process. By day 3 after nerve crush, when compared with control, and using the 721-7 immunserum, the sarcoplasmic distribution of SPOCK (d3 SPOCK, top left) decreased at the level of the AChR clusters (d3 AChR) in the muscle of the injured mouse. In the nerve, the signal is no more in axons but remains in the Schwann cells of the distal stump (arrows in d3 top right). By day 15 after injury, the SPOCK (d15 SPOCK) labeling at the NMJ (d15 AChR) is similar to that of the control, and in the nerve, the axonal labeling (arrowheads) is also restored. Scale bar: 50 mm. Fig. 7 . Effect of botulinum toxin. Distribution of SPOCK and AChR immunoreactivities on cross sectioned sample from an EDL muscle examined 25 days after a single injection of BoTx-A. Anti-SPOCK (721-7) was revealed with a¯uorescein-conjugated goat anti-rabbit secondary antibody (A), AChRs were labeled with rhodaminated a-bungarotoxin (B). In (C), superimposed (A,B) views reveal the presence of AChR clusters with either high (yellow) or low (orange) or none (red) SPOCK immunoreactivity. SPOCK immunostaining is also visualized in the muscle ®bers (green). Control mice were injected with 0.9% NaCl.
